Nucleophilic substitution reactions of ethyl methyl (2), ethyl propyl (4) and diisopropyl (7) chlorothiophosphates with substituted anilines and deuterated anilines are investigated kinetically in acetonitrile at 55.0 o C. A concerted mechanism is proposed based on the selectivity parameters. The deuterium kinetic isotope effects (DKIEs; k H /k D ) are secondary inverse (k H /k D = 0.66-0.99) with 2, primary normal and secondary inverse (k H / k D = 0.78-1.19) with 4, and primary normal (k H /k D = 1.06-1.21) with 7. The primary normal and secondary inverse DKIEs are rationalized by frontside attack involving hydrogen bonded, four-center-type transition state, and backside attack involving in-line-type transition state, respectively. The anilinolyses of ten chlorothiophosphates are examined based on the reactivity, steric effect of the two ligands, thio effect, reaction mechanism, DKIE and activation parameter.
Introduction
To extend the kinetic studies on the anilinolysis of chlorothiophosphates, the reactions of ethyl methyl (2) , ethyl propyl (4) and diisopropyl (7) chlorothiophosphates with substituted anilines (XC 6 H 4 NH 2 ) and deuterated anilines (XC 6 H 4 ND 2 ) are investigated kinetically in acetonitrile (MeCN) at 55.0 ± 0.1 o C (Scheme 1). The aim is to obtain further information on thiophosphoryl transfer reactions by comparing the anilinolyses of the following chlorothiophosphates in terms of the reactivities, steric effects, thio effects, reaction mechanisms, deuterium kinetic isotope effects (DKIEs) and activation parameters: dimethyl [ 5 chlorothiophosphates. 1-10 are numbered according to the sequence of the summation of the Taft steric constants of the two ligands (R 1 and R 2 ).
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Results and Discussion
The observed pseudo-first-order rate constants (k obsd ) were found to follow Eq. (1) for all reactions under pseudo-firstorder conditions with a large excess of aniline nucleophile. The k 0 values were negligible (k 0 ≈ 0) in MeCN. The secondorder rate constants (k H and k D ) were determined for at least five concentrations of the anilines. The linear plots of Eq. (1) confirm the absence of base-catalysis or noticeable side reactions, and that the overall reaction is described by Scheme 1. the X-anilines in water were used to obtain the Brönsted β X values in MeCN, and this procedure was justified experimentally and theoretically. [8] [9] [10] [11] The pK a (X) and σ X values of the deuterated X-anilines are assumed to be identical to those of the X-anilines. Perrin et al. reported that the basicities of β-deuterated analogs of benzylamine, N,N-dimethylaniline and methylamine increase approximately by 0.02 pK a units per deuterium, and that these effects are additive.
12-14 Therefore, the pK a (X) values of deuterated X-anilines might be slightly higher than those of X-anilines, but the difference is too small to be considered. The stronger nucleophile leads to a faster rate, as observed in a typical nucleophilic substitution reaction with a partial positive charge development at the nucleophilic N atom in the transition state (TS Reactivity and Steric Effect. The observed sequence of the anilinolysis rates is not consistent with the expectations for the positive NBO charge at the reaction center P atom, suggesting that the inductive effects of the two ligands are not a major factor determining the anilinolysis rates of the chlorothiophosphates. The sequence of the anilinolysis rates is almost inversely proportional to the size of the two ligands, but could be divided into two groups; a group of 1-7 containing two alkoxy ligands and b group of 8 and 9 containing phenoxy ligand(s). 21 The steric effects of the two ligands on the anilinolysis rates of the P=O counterparts, 
), Selectivity Parameters (ρX and βX) a and DKIEs (kH/kD) of the Reactions of Diisopropyl Chlorothiophosphate (7) trends to those of the chlorothiophosphates. 1-4.22,26 The greater the size of the two ligands, the rate becomes slower. This suggests that the steric effects of the two ligands play an important role in determining the anilinolysis rates of both the P=S systems (chlorothiophosphates) and P=O counterparts (chlorophosphates). Moreover, the steric effects of the two ligands on the rate in the a group are essentially 'different' from those in the b group.
The Taft Eq. of 'log k H = δ ΣE S + C' might be used to rationalize the steric effects of the two ligands on the reaction rate. 6 The ΣE S value is not 'E S ( Fig. R1 . 27 The δ values of the P=S systems are somewhat larger than their P=O counterparts, suggesting that the P=S systems are slightly more sensitive to the steric effects of the two ligands on the rate than their P=O counterparts.
Thio Effect. The anilinolysis rates of the P=O systems are 4-9 times faster than their P=S counterparts, as shown in Table 5 . P=O systems are generally more reactive than their P=S counterparts for several reasons, the so-called 'thio effect', which is mainly the difference in electronegativity between O and S and favors P=O over P=S system.
28-31
Ormazabal-Toledo and his coworkers also reported thioeffect in carbonyl derivatives. 32 The differences in the NBO charges at the reaction center P atom between the P=O and P=S systems [(NBO charge at P atom) = (NBO charge at P atom of the P=O system) -(NBO charge at P atom of the P=S system)] are almost constant in the range of 0.54-0.57 in the gas phase. Deuterium Kinetic Isotope Effect. The DKIEs have provided a useful means of determining the TS structures in the nucleophilic substitution reactions, and how the reactants alter the TS structures, particularly through changes in substituents. The incorporation of deuterium in the nucleophile has an advantage in that the α-DKIEs reflect only the degree of bond formation. When the partial deprotonation of aniline occurs in a rate-limiting step by hydrogen bonding, the k H /k D values are greater than unity, primary normal (k H /k D > 1.0).
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The greater the extent of the hydrogen bond, the value of k H /k D becomes greater. In contrast, the DKIEs can only be secondary inverse (k H /k D < 1.0) in a normal S N 2 reaction, because the N-H(D) vibrational frequencies invariably increase when forming the TS because of an increase in steric congestion in the bond-making process. [41] [42] [43] The greater the degree of the steric congestion in the TS, the value of k H / k D becomes smaller.
The DKIEs of 2 are secondary inverse (k H /k D = 0.66-0.99) and those of 1 (k H /k D = 0.95-1.06) and 4 (k H /k D = 0.78-1.19) are both secondary inverse and primary normal. The DKIEs Activation Parameter. The activation parameters, enthalpies and entropies of activation, were determined for the anilinolyses (with C 6 H 5 NH 2 ) of 2, 4 and 7, as shown in Table  S1 (supporting information). Table 6 summarizes the activation parameters of the anilinolyses of 1-10. The enthalpies of activation are relatively low (5-11 kcal mol ). The relatively low activation enthalpy and large negative activation entropy are typical for the aminolyses of the P=S systems.
In summary, kinetic studies are performed on the anilinolyses of ethyl methyl (2), ethyl propyl (4) and diisopropyl (7) chlorothiophosphates with substituted anilines and deuterated anilines in acetonitrile at 55.0 ± 0.1 o C. The major factor determining the anilinolysis rates of the chlorothiophosphates is the steric effects over the inductive effects of the two ligands, which are divided into two groups; containing alkoxy ligands and phenoxy ligand(s). The anilinolysis rates of the P=O systems are 4-9 times faster than their P=S counterparts because of the so-called 'thio effect'. The relatively large β X values are typical of the anilinolyses of the chlorothiophosphates, even though the reactions proceed through a concerted S N 2 mechanism. The authors could not find a consistent correlation between the β X values and DKIEs, between the reaction mechanism and DKIEs or between the reaction mechanism and variation trends of the DKIEs. The relatively low activation enthalpy and large negative activation entropy are typical for the aminolyses of P=S systems.
Experimental Section
Materials. HPLC grade acetonitrile (water content < 0.005%) was used as received for the kinetic studies. The anilines were redistilled or recrystallized prior to use. Deuterated anilines were synthesized by heating the anilines with deuterium oxide (99.9 atom %D) and one drop of HCl as a catalyst at 85°C for 72 h. After more than five attempts, > 98% of the anilines were deuterated, as confirmed by 1 H NMR. Ethyl methyl (2) and ethyl propyl (4) chlorothiophosphates were prepared via one step synthetic route. Ethyl dichlorothiophosphate was reacted with methanol and propanol for 2 and 4, respectively, at -10.0 o C with constant stirring. The product mixture was dried under reduced pressure and isolated by column chromatography [ethyl acetate (10% and 1% for 2 and 4, respectively) + n-hexane]. Diisopropyl chlorothiophosphate (7) was boiled for on hr.
The reaction mixture was cooled to room temperature, and hexane was added. After filtration, the solvent was evaporated and a yellow liquid was isolated by column chromatography [silica gel, heptane/EtOAc (95:15)]. The analytical and spectroscopic data of the substrates gave the following results (supporting information):
(MeO)(EtO)P(=S)Cl. 
